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Description 

CATALYST SUPPORT SUBSTRATE, METHOD FOR GROWING CARBON 
NANOTUBES USING THE SAME, AND TRANSISTOR USING CARBON 

NANO TUBES 

Technical Field 

The present invention relates to a catalyst support 
substrate, and a method for growing carbon nanotubes using 
the same, and a transistor using carbon nanotubes 



Background Art 

As a method for manufacturing single-wall carbon 
nanotubes with high quality, a chemical vapor deposition 
(CVD) method is expected to be a promising technique. This 

15 is because the control of catalyst exhibits the possibility 
of being able to control the growth of the single-wall 
carbon nanotubes. 

Typically, manufacturing the single-wall carbon 
nanotubes requires the catalyst metal, such as iron, cobalt 

20 and nickel in addition to a carbon material . In the method 
for manufacturing the single-wall carbon nanotubes based 
on a conventional vapor phase growth, the nano-part icle 
(fine particle) of metallic oxide such as alumina or silica, 
or the material having porosity structure such as zeolite 

25 is used as the support of the catalyst. This support 
together with the salt such as the salt of iron is dissolved 
into solvent, and the catalyst solution is adjusted. 
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After that, this catalyst solution is coated and dried on 
a substrate, and used as the catalyst for formation of the 
single-wall carbon nanotubes. 

Nature, Vol. 395, Page 878, (1998) discloses the 
5 example of using iron nitrate 9-hydrate ( Fe (N03 ) 3- 9H20) 
and molybdenum acetylacetonate (Mo (acac) 2) as the 
catalyst salts and using the catalyst solution of using 
alumina nano particle as the support. Then, the 
single-wall carbon nanotubes are synthesized with methane 

10 gas as a carbon supply source. Also, as another example, 
Chemical Physics Letter, Vol. 296, Page 195, (1998) 
discloses a method for CVD-growing the single-wall carbon 
nanotubes by using the catalyst solution, in which the salt 
of iron, the salt of Mo and alumina nano-par t icle are 

15 respectively used as the catalyst and the support, with 
CO as a carbon supply source. 

However, in the method for using the catalyst 
solution as mentioned above, it is difficult to selectively 
grow the single-wall carbon nanotubes. In order to form 

20 the catalyst having a predetermined pattern, resist having 
a predetermined opening is used as mask. As such a method, 
for example, there are the following two methods. 

The first method is a so-called lift-off method. At 
first, the resist is formed over silicon substrate surface. 

25 After that, the resist on the place where the carbon 
nanotubes will be formed is removed. Next, the catalyst 
solution is coated over the substrate surface and dried. 
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After that, the substrate is dipped into the solvent of 
the resist so that the catalyst deposited on the resist 
is removed together with the resist. This method is 
typically used in patterning the metallic thin film. 
5 In the second method, firstly, the catalyst solution 

is coated over the substrate and dried. After that, the 
resist is coated on the substrate. In succession, the 
patterning is performed on the resist. In this case, the 
resist on the portion where the carbon nanotubes will be 

10 grown is left. After that, a proper method is used to 
remove the portion of the catalyst which is not covered 
with the resist. 

However, the case of the first method needs to use 
the solution which can not solve the resist, as the solvent 

15 of the catalyst solution. Also, it was very difficult to 
deposit the catalyst with a desirable thickness on the 
portion, in which the resist of the resist pattern does 
not exist. Actually, the example of dissolving the 
nano-particles of the alumina, the iron nitrate 9-hydrate 

20 (Fe(N03)3 • 9H20) and the molybdenum ace ty lacetonat e 
(Mo(acac)2) in methanol, and patterning a poly-methyl 
methacrylate (PMMA) resist is described in the above- 
mentioned Nature, Vol. 395, Page 878, (1998). However, 
in this method, the edge portion of the patterned catalyst 

25 is unclear. In addition, the pattern of the resist is not 
also reflected in the pattern of the catalyst. From this 
fact, it is understood that the method of using the 



3 



i 



nano-particle has the problem in the control property of 
the pattern formation. 

Also, in the case of using the second method, the dry 
etching or the wet etching may be considered as the method 
5 of removing the catalyst and support in the portion where 
the carbon nanotubes are not formed. However, the etching 
resistance of the resist is lower than the iron and the 
alumina. Thus, currently, it is difficult to etch the iron 
and the alumina while keeping the pattern of the resist. 

10 Moreover, in the above-mentioned first and second 

methods, in addition to the above-mentioned problems, the 
adhesive property between the catalyst support film and 
the substrate is not sufficiently obtained. Hence, they 
have the problem that the catalyst support film is easily 

15 stripped . 

As the method for solving the problems in the method 
of using such solutions, a method for growing the carbon 
nanotubes is known, in which the carbon nanotubes are grown 
from the catalyst film formed on the substrate by using 

20 the dry process such as the depositing method. The 
conventional technique for forming the catalyst thin film 
by using the dry process will be described below. 

The Japanese Laid Open Patent Application JP 
2001-20072A relates to a method for forming a large 

25 quantity of high purity carbon nanotubes, which are 
vertically arrayed on a substrate, at a low temperature 
equal to or less than a deformation temperature of a large 
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area substrate. This gazette describes the process for 
forming a catalyst metal film on the substrate, then 
forming the catalyst metal particles of nano-size which 
are separated by etching the catalyst metal film, and 
5 continuously forming a plurality of carbon nanotubes 
arrayed on the substrate by using a thermal chemical vapor 
deposition method. The insulating film, such as silicon 
oxide film, alumina film or the like, may be formed, in 
order to protect silicide film from being formed by the 

10 mutual reaction between the catalyst metal film and the 
substrate, on the lower portion of the catalyst metal film. 

Also, Japanese Laid Open Patent Application JP 
2002-115070A and Japanese Laid Open Patent Application JP 
2002-11507 1A describe a technique for forming the thin film 

15 of non-catalyst metal, such as Ni and Cu, as a foundation 
layer, then forming the catalyst metal thin film, such as 
Fe and Co, in a predetermined pattern thereon, and 
continuously growing a graphite nano-fiber on this thin 
film pattern. According to this gazette, alloying is 

20 generated between the catalyst metal thin film and the 
non-catalyst metal, and the adhesive property between both 
of the thin films is improved, and the adhesive property 
between the foundation layer and the substrate is also 
improved. Also, Japanese Laid Open Patent Application JP 

25 2002-115071A discloses a structure in which a thin film 
pattern of Fe is formed on a Ni thin film, and the carbon 
nanotubes are formed only on this Fe pattern. 
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However, in the techniques described in the 
above-mentioned gazettes, it was not always easy to obtain 
the sufficiently high yield. Recently, the fact that when 
iron thin film is deposited on a sapphire single crystal 
5 substrate, the single-wall carbon nanotubes can be grown 
is announced by the inventor of the present invention 
(contributed to Chemical Physics Letters (2002)). This 
fact indicates that the growth of the single-wall carbon 
nanotubes is influenced by the substance supporting the 

10 catalyst, namely, the synergistic effect between the 
support and the catalyst metal has the important meaning. 
However, in the techniques described in the above- 
mentioned gazettes, the foundation layer for carrying the 
catalyst is not designed from the viewpoint of the yield 

15 of the carbon nanotubes as mentioned above. The 
foundation layer is formed from the viewpoint of the 
protection of the silicide reaction (Japanese Laid Open 
Patent Application JP 2001-20072A) or the improvement of 
the adhesive property between the catalyst metal and the 

20 substrate (Japanese Laid Open Patent Application JP 
2002-115070A and Japanese Laid Open Patent Application JP 
2002-115071A) , respectively. Thus, the conventional 
techniques still have the room for the improvement, with 
regard to the point that the carbon nanotubes are grown 

25 at the high yield. 

Also, all of the techniques described in the 
above-mentioned gazettes are intended to be applied to the 
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field of a field emission display and the like. For this 
reason, so as to be easily applied to a device, multi- 
wall carbon nanotubes are grown in a direction vertical 
to the substrate. Thus, they did not give the useful 
5 knowledge to the technique for applying to the device, in 
which the carbon nanotubes are grown in a direction 
horizontal to the substrate, especially, to the technique 
for using the single-wall carbon nanotubes. 

On the other hand, recently, the development of the 

10 transistor using the single-wall carbon nanotubes has been 
vigorously performed. The transistor of a top gate type 
using the single-wall carbon nanotubes is described in 
APPLIED PHYSICS LETTERS, VOLUME 80, NUMBER 20, 2 0 MAY 2 0 02 . 

This transistor has a source electrode, a drain 

15 electrode and a single-wall carbon nanotubes placed 
between them, and has the configuration that a gate 
electrode is formed on these carbon nanotubes. 

This transistor is manufactured through the 
following steps. At first, the silicon oxide film is 

20 formed on the silicon substrate, and the carbon nanotubes 
are dispersed thereon. For example, the carbon nanotubes 
dispersed in the solution are spin-coated on the silicon 
oxide film. Next, a probe of AFM (Atomi c For ce Microscope ) 
is used to determine the position of the carbon nanotubes. 

25 After that, electronic beam exposure is carried out to 
generate the source electrode and the drain electrode. 
Titanium is used for the configured insulation film of the 
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source electrode and drain electrode. After the source 
electrode and drain electrode formation, annealing is 
carried out to form Tie. Consequently, the adhesive 
property between the source electrode and drain electrode 
5 and the carbon nanotubes is improved. After that, the 
insulating film is formed on the source electrode, the 
drain electrode and the carbon nanotubes, and the gate 
electrode is further formed thereon. As mentioned above, 
the transistor using the carbon nanotubes is completed. 

10 However, in this transistor, it was difficult to 

maintain the contact resistance between the source and 
drain electrodes and the carbon nanotubes at a stable low 
resistance. In the above-mentioned conventional 

technique, this point is improved by using the titanium 

15 as the electrode material and trying the alloying with the 
carbon nanotubes. However, in order to attain the fast 
operable transistor, the much lower contact resistance is 
desired. Also, the conventional technique, since 
requiring the complex steps to position the carbon 

20 nanotubes, still have the room for the improvement with 
regard to the point of the yield. 

In conjunction with the above description, Japanese 
Laid Open Patent Application JP 2002-10576 5A discloses the 
technique of a method for manufacturing carbon nano-fiber 

25 composite and carbon nano-fiber. This technique is 
intended to grow a high dense carbon nano-fiber on a 
substrate surface. 
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The method for manufacturing the carbon nano-fiber 
in this technique firstly reduces the substrate having the 
interphase of transition metal and interphase of hard 
reducing metal oxide in reduced atmosphere to extract the 
5 transition metal in the interphase, next brings carbon 
inclusion gas into contact with the extracted transition 
metal, and then grows the carbon nano-fiber from the 
extracted transition metal. The substrate having the 
interphase may be formed by heating the mixed powder 
10 containing the oxide powder having the transition metal 
and the hard reduced metal oxide power up to a reaction 
temperature . 

Japanese Laid Open Patent Application JP 2002- 
180252A discloses the technique of the method of 

15 manufacturing the carbon nanotubes. This method is 
intended to provide the method for manufacturing the carbon 
nanotubes grown in a uniform direction on a substrate, in 
the method for the carbon nanotubes based on the CVD method. 

In the method for manufacturing the carbon nanotubes 

20 in this technique, the carbon nanotubes are formed on the 
active substrate by sending the gas of organic carbon raw 
material onto the active substrate and thermally 
dissolving it at a temperature between 1100 and 1250 °C, 
wherein the active substrate is formed by depositing the 

25 catalyst metal on the substrate at a rate of 0.001 to 0.005 
mol/m 2 . The catalyst metal may be at least one kind 
selected from Pd, Fe, Co and Ni . 
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Japanese Laid Open Patent Application JP 2002- 
146534A discloses the technique of the method for 
manufacturing the carbon nanotubes. This technique is 
intended to enable the carbon nanotubes to be arrayed 
5 flatly and uniformly at the high dense and also enable the 
arrayed situation to be easily controlled. 

The method for manufacturing the carbon nanotubes in 
this technique firstly forms a metallic ultra thin film 
of an iron group metal on an insulting substrate, next 

10 charges the insulating substrate and the metallic ultra 
thin film electrically, then heats and melts the metallic 
ultra thin film, continuously forms the ultra fine 
particles separated from each other made of the metal 
constituting the metallic ultra thin film on the insulating 

15 substrate, next decreases the temperatures of the ultra 
fine particles of the metal and the insulating substrate, 
then solidifies the ultra fine particles, consequently 
fixes on the insulating substrate, next discharges 
electrically the insulating substrate and the ultra fine 

20 particle, then supplies the carbon to the insulating 
substrate and the ultra fine particle by using a vapor 
growing method, and consequently forms the carbon 
nanotubes having the metallic ultra fine particle at a tip. 
The iron group metal may be Ni . 

25 Japanese Laid Open Patent Application JP 2001- 

176431A discloses a field emission display element and a 
method for manufacturing the same. This technique is 
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intended to provide the field emission display element that 
uses the carbon nanotubes which are vertically oriented. 

The method for manufacturing the field emission 
display element in this technique includes: a step of 
5 forming a first metal film for a cathode electrode on a 
lower substrate; a step of growing the vertically oriented 
carbon nanotubes on the first metal film; a step of placing 
a first spacer on the first metal film; a step of forming 
a second metal film as a gate electrode in a shape of mesh 

10 held by the first spacer and formed on the carbon nanotubes; 
a step of forming a second spacer on the first spacer; and 
a step of attaching the upper substrate, on which a 
transparent electrode and a fluorescent material are 
deposited, on the second spacer. The first metal film may 

15 be a chrome film, a tungsten film or an aluminum film, and 
the second metal film may be a chrome film or a palladium 
film. The catalyst metal film may be made of cobalt, 
nickel, iron, yttrium or the alloy of them. 

Japanese Laid Open Patent Application JP 2001-48512A 

20 discloses a technique of a method for manufacturing a 
vertically oriented carbon nanotubes. This technique is 
intended to provide the method that can directly form the 
carbon nanotubes on the substrate, and control the average 
values of diameters and lengths of the carbon nanotubes, 

25 and further orient the carbon nanotubes vertically to the 
substrate and selectively manufacture on the substrate or 
any portion on the substrate. 
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The method for manufacturing the carbon nanotubes in 
this technique manufactures the carbon nanotubes oriented 
in the direction vertical to the substrate surface on the 
substrate surface by using a plasma CVD method. The 
5 substrate may be made of Ni, Fe and Co or the alloy composed 
of at least two kinds of those metals. 

Disclosure of Invention 

Therefore, an object of the present invention is to 
10 stably form carbon nanotubes patterned in the shape based 
on the design on a substrate surface. 

Also, another object of the present invention is to 
improve an adhesive property of a catalyst containing film 
to a substrate. 
15 Still another object of the present invention is to 

improve a patterning property of the catalyst containing 
f i lm . 

Still another object of the present invention is to 
provide a technique for generating the carbon nanotubes, 
20 especially, the single-wall carbon nanotubes extended in 
a direction horizontal to the substrate, at a high yield. 

Still another object of the present invention is to 
provide an electronic element such as a transistor, which 
is excellent in high-speed operation property and 
25 high-integrated property, by using the carbon nanotubes. 

In order to achieve an aspect of the present invention, 
the present invention provides a catalyst supporting 



substrate including: a first region which is formed on a 
substrate; and a second region which is formed covering 
a part of the first region. The first region includes a 
catalyst supporting portion containing a first material. 
5 The second region includes a catalyst portion containing 
a second material which is different from the first 
material. The first material includes a metal containing 
at least one of elements selected from the second group 
to the fourteenth group of the periodic table or a compound 
10 thereof. The second material is a catalyst which grows 
carbon nanotubes in a vapor phase. 

In the catalyst supporting substrate, the carbon 
nanotubes include single-wall carbon nanotubes. 

In the catalyst supporting substrate, the second 
15 material includes a metal containing at least one of 
elements selected from a group consisting of Fe, Ni, Co, 
Ru, Rh, Pd, Os, Ir, Pt, La, Y, Mo and Mn or a compound 
ther eo f . 

In the catalyst supporting substrate, the first 
20 material includes a metal containing at least one of 
elements selected from a group consisting of Al , Mo, Ti, 
Ta, Cr, Cu, Mn, Mg, Zr, Hf , W, Ru, Rh, Zn and Sn or a compound 
ther eo f . 

In the catalyst supporting substrate, the first 
25 region includes a metal film which contains the first 
material and is formed on the substrate. The catalyst 
supporting portion includes a film that an upper portion 

13 



of the metal film is oxidized or hydroxylated. 

In the catalyst supporting substrate, the second 
material includes a metal containing at least one of 
elements selected from a group consisting of Fe , Ni, Co, 
5 Ru, Rh, Pd, Os, Ir, Pt, La, Y, Mo and Mn or a compound 
thereof . 

In the catalyst supporting substrate, the first first 
material includes a metal containing at least one of 
elements selected from a group consisting of Al , Mo, Ti, 
10 Ta, Cr, Cu, Mn, Mg, Zr, Hf , W, Ru, Rh, Zn and Sn or a compound 
thereof . 

In the catalyst supporting substrate, a surface of 
the catalyst supporting portion includes at least one 
selected from aluminum natural oxide film, boehmite, a 

15 alumina, y alumina, 5 alumina, and 0 alumina. 

In order to achieve another aspect of the present 
invention, the present invention provides a transistor 
including: a catalyst, the carbon nanotubes, a first 
electrode, a second electrode and a gate electrode. The 

20 catalyst containing film is placed on a substrate and grows 
carbon nanotubes in a vapor phase. The carbon nanotubes 
are extended in the direction along a surface of the 
substrate from the catalyst containing film. The first 
electrode is connected to a part of the catalyst containing 

25 film side of the carbon nanotubes. The second electrode 
is connected to a part of another side of the carbon 
nanotubes. The gate electrode applies a voltage to the 
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carbon nanotubes between the first electrode and the second 
electrode . 

In the transistor, the carbon nanotubes includes 
single-wall carbon nanotubes. 
5 In the transistor, the gate electrode is placed on 

an upper portion of the carbon nanotubes. 

In the transistor, the gate electrode is placed on 
a rear surface of the substrate. 

In the transistor, the second electrode is formed so 
10 as to be separated from the first electrode and surround 
a periphery of the first electrode. 

In the transistor, the catalyst containing film 
includes: a first region which is formed on a substrate; 
and a second region which is formed covering a part of the 
15 first region. The first region includes a catalyst 
supporting portion containing a first material. The 
second region includes a catalyst portion containing a 
second material which is different from the first material. 
The first material includes a metal containing at least 
20 one of elements selected from the second group to the 
fourteenth group of the periodic table or a compound 
thereof. The second material is a catalyst which grows 
carbon nanotubes in a vapor phase. 

In the transistor, the second material includes a 
25 metal containing at least one of elements selected from 
a group consisting of Fe, Ni, Co, Ru, Rh, Pd, Os, Ir, Pt, 
La, Y, Mo and Mn or a compound thereof. 
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In the transistor, the first first material includes 
a metal containing at least one of elements selected from 
a group consisting of Al, Mo, Ti, Ta, Cr, Cu, Mn, Mg, Zr, 
Hf, W, Ru, Rh, Zn and Sn or a compound thereof. 
5 In the transistor, the first region includes a metal 

film which contains the first material and is formed on 
the substrate. The catalyst supporting portion includes 
a film that an upper portion of the metal film is oxidized 
or hydroxylated . 

10 In the transistor, the second material includes a 

metal containing at least one of elements selected from 
a group consisting of Fe, Ni, Co, Ru, Rh, Pd, Os, Ir, Pt, 
La, Y, Mo and Mn or a compound thereof. 

In the transistor, the first first material includes 

15 a metal containing at least one of elements selected from 
a group consisting of Al, Mo, Ti, Ta, Cr, Cu, Mn, Mg, Zr, 
Hf, W, Ru, Rh, Zn and Sn or a compound thereof. 

In order to achieve still another aspect of the 
present invention, the present invention provides a method 

20 for growing carbon nanotubes including: (a) 

providing a catalyst supporting substrate; and (b) growing 
the carbon nanotubes by supplying raw material gas 
containing carbon to a catalyst supporting substrate. The 
catalyst supporting substrate includes: a first region 

25 which is formed on a substrate; and a second region which 
is formed covering a part of the first region. The first 
region includes a catalyst supporting portion containing 
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a first material. The second region includes a catalyst 
portion containing a second material which is different 
from the first material. The first material includes a 
metal containing at least one of elements selected from 
5 the second group to the fourteenth group of the periodic 
table or a compound thereof. The second material is a 
catalyst which grows carbon nanotubes in a vapor phase. 

In the method for growing carbon nanotubes, the 
carbon nanotubes include single-wall carbon nanotubes. 
10 In the method for growing carbon nanotubes, the step 

(b) includes: (bl) growing the carbon nanotubes in the 
direction along a surface of the catalyst supporting 
substrate . 

In the method for growing carbon nanotubes, the step 
15 (bl) includes: (bll) applying an electric field with the 
predetermined direction to the catalyst supporting 
substrate . 

In the method for growing carbon nanotubes, the step 
(b) includes: (b2) bringing reducing gas into contact with 
20 a surface of the catalyst supporting substrate. 

In the method for growing carbon nanotube, the step 
(a) includes: (al) forming the first region and the second 
region which are patterned with predetermined shapes on 
the substrate. 

25 In the method for growing carbon nanotubes, the 

carbon nanotubes include single-wall carbon nanotubes. 

In the method for growing carbon nanotubes, the 



17 



second material includes a metal containing at least one 
of elements selected from a group consisting of Fe, Ni, 
Co, Ru, Rh, Pd, Os, Ir, Pt, La, Y, Mo and Mn or a compound 
ther eo f . 

5 In the method for growing carbon nanotubes, the first 

first material includes a metal containing at least one 
of elements selected from a group consisting of Al, Mo, 
Ti, Ta, Cr, Cu, Mn, Mg, Zr, Hf, W, Ru, Rh, Zn and Sn or 
a compound thereof. 

10 In the method for growing carbon nanotubes, the step 

(al) includes: (all) forming a catalyst supporting portion 
which are patterned with predetermined shape on the 
substrate, and (al2) forming a catalyst portion which 
covers a part of a surface of the catalyst supporting 

15 portion. 

In the method for growing carbon nanotubes, the step 
(all) includes : ( al 1 1 ) forming a metal film which contains 
at least one of elements selected from the second group 
to the fourteenth group of the periodic table, and (all2) 
20 forming the catalyst supporting portion by oxidizing or 
hydroxylat ing an upper portion of the metal film. 

In the method for growing carbon nanotubes, the step 
(al2) includes: (al21) forming the catalyst portion by any 
one of methods of a deposition method, a sputtering method 
25 and a CVD method. 

In the method for growing carbon nanotubes, the step 
(b) includes: (b3) growing the carbon nanotubes in the 
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direction along a surface of the catalyst supporting 
substrate by applying an electric field with the 
predetermined direction to the catalyst supporting 
substrate . 

5 In the method for growing carbon nanotube, the step 

(b) includes: (b4) bringing reducing gas into contact with 
a surface of the catalyst supporting substrate. 

In order to achieve still another aspect of the 
present invention, the present invention provides a method 

10 for manufacturing a transistor including: (c) forming a 
catalyst containing film, which is patterned with a 
predetermined shape, on a semiconductor substrate; (d) 
growing the carbon nanotubes in the direction along a 
surface of the semiconductor substrate by supplying raw 

15 material gas containing carbon to the catalyst containing 
substrate; (e) forming a first electrode which is connected 
to a part of the catalyst containing film side of the carbon 
nanotubes and a second electrode which is connected to a 
part of another side of the carbon nanotubes; and (f) 

20 forming a gate electrode which applies a voltage to the 
carbon nanotubes between the first electrode and the second 
electrode. The catalyst containing film includes: a first 
region which is formed on a substrate; and a second region 
which is formed covering a part of the first region. The 

25 first region includes a catalyst supporting portion 
containing a first material. The second region includes 
a catalyst portion containing a second material which is 
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different from the first material. The first material 
includes a metal containing at least one of elements 
selected from the second group to the fourteenth group of 
the periodic table or a compound thereof. The second 
5 material is a catalyst which grows carbon nanotubes in a 
vapor phase . 

The catalyst support substrate according to the 
present invention can preferably grow carbon nanotubes, 
especially, single-wall carbon nanotubes and obtain the 

10 high yield, since having the surface where a first region 
including the metal containing the particular element or 
the compound thereof and a second region including a carbon 
nanotube vapor phase growth catalyst are exposed. The 
second region of this substrate has a property of 

15 decomposing the carbon compound served as the raw material 
gas of the carbon nanotube growth. The high yield is 
considered to be attained by the synergistic effect between 
this property and the above-mentioned catalyst. Also, the 
second region has a property of strongly adhering the 

20 catalyst and the substrate, which enables to obtain the 
carbon nanotubes stably arranged on the substrate. 

Also, the method for growing the carbon nanotubes 
according to the present invention can stably obtain the 
carbon nanotubes of the high quality, especially, the 

25 single-wall carbon nanotubes at the high yield. The 
obtained carbon nanotubes are excellent in the adhesive 
property to the substrate and can be preferably applied 
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to the electronic device, such as the transistor excellent 
in the high-speed operation property and hi gh- integrated 
property and the like. 

Also, the transistor according to the present 
5 invention is excellent in the adhesive property between 
the carbon nanotubes and the electrodes. When the carbon 
nanotubes are assumed to be the single-wall carbon 
nanotubes, the device property excellent in the high-speed 
operation property can be stably obtained. In addition, 

10 since the channel current flowing through the carbon 
nanotubes is largely changed by applieing voltage, the 
ideal transistor can be obtained. 

Moreover, the method for manufacturing the 
transistor according to the present invention, can obtain 

15 the transistor having the excellent high speed operation 
property and high reliability at the excellent 
manufacturing stability, since forming the carbon 
nanotube portion by using the method for growing the carbon 
nanotubes as mentioned above. 

20 In the present invention, since both of the catalyst 

film and the catalyst support film can be easily patterned 
by etching, the device of the desired shape can be formed 
at the good yield. 

25 Brief Description of Drawings 

Fig. 1 is a flowchart showing a film forming process 
of the method for growing the carbon nanotubes in the first 
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embodiment of the present invention; 

Fig. 2A to Fig. 2E are sectional views showing an 
example of the film forming process in Fig. 1; 

Fig. 3A and Fig. 3B are views showing one example of 
5 the structure of the transistor using the carbon nanotubes 
in the second embodiment of the present invention; 

Fig. 4A and Fig. 4B are views showing another example 
of the structure of the transistor using the carbon 
nanotubes in the second embodiment of the present 
10 invention; 

Fig. 5A and Fig. 5B are views showing still another 
example of the structure of the transistor using the carbon 
nanotubes in the second embodiment of the present 
invention; 

15 Fig. 6 is a top view showing another example of the 

structure of the transistor using the carbon nanotubes in 
the second embodiment of the present invention; 

Fig. 7 is a top view showing still another example 
of the structure of the transistor using the carbon 

20 nanotubes in the second embodiment of the present 
invention; 

Fig. 8A to Fig. 8D, Fig. 9A to Fig. 9D and Fig. 1 OA 
to Fig. 10D are sectional views showing the method for 
manufacturing the transistor shown in Fig. 3A and Fig. 3B; 
25 Fig. 11 is a photograph of the scanning electron 

microscope, showing the generated sediment in the example; 

Fig. 12 is a photograph of the transmission electron 
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microscope, showing the sediment shown in Fig. 11; 

Fig, 13A and Fig. 13B are Raman spectra of the 
sediment in Fig. 11; 

Fig. 14 and Fig. 15 are photographs of the scanning. 
5 electron microscope, showing the boehmite formed 
similarly to the first example; 

Fig. 16 is a photograph of the scanning electron 
microscope, showing the obtained carbon nanotubes in the 
example; 

10 Fig. 17A and Fig. 17B are Raman spectra of the carbon 

nanotubes shown in Fig. 16; 

Fig. 18 is a photograph of the scanning electron 
microscope, showing the obtained carbon nanotubes in the 
example ; 

15 Fig. 19A and Fig. 19B are the Raman spectra of the 

carbon nanotubes shown in Fig. 18; and 

Fig. 20 is a view showing a example of the 
configuration of an apparatus in which the growth direction 
of the carbon nanotubes is uniformed in the electric field 
20 direction; and 

Fig. 21 is a graph showing the evaluation result of 
the obtained transistor. 

Best Mode for Carrying out the Invention 

25 The embodiment of a catalyst support substrate, a 

method for growing carbon nanotubes, and a transistor using 
the carbon nanotubes will be described below with reference 
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to the drawings . 

In the present invention, the carbon nanotubes may 
be any of single-wall carbon nanotubes and multi-wall 
carbon nanotubes. In the case of the single-wall carbon 
5 nanotubes, it can be preferably applied to an electronic 
device requiring a high-speed operation property such as 
a transistor . 

In the present invention, the surface of a catalyst 
containing film includes: 
10 (a) a first region containing a vapor phase growth 

catalyst for carbon nanotubes; and 

(b) a second region containing metals including one 
or more elements selected from the second group to 
fourteenth group of the periodic table or the compounds 
15 thereof (except for the substance selected as the vapor 
phase growth catalyst of carbon nanotubes in the first 
region) . 

Thus, the adhesive property to the substrate and the 
patterning property of the catalyst containing film can 

20 be improved. In addition, the carbon nanotubes can be 
generated on the surface of the catalyst containing film 
at a high yield . 

Here, as the vapor phase growth catalyst for the 
carbon nanotubes in the first region, the single metal 

25 which is one of the iron group such as Ni, Fe and Co, the 
platinum group such as Pd, Pt and Rh, the rare earth metal 
such as La and Y, or the transition metal such as Mo and 



Mn, the alloy including any of them or the compound 
including any of them is exemplified. Among these, it is 
desired to use the metal or compound having the element 
of at least one kind selected from the group consisting 
5 of Fe, Ni, Co, Ru, Rh, Pd, Os, Ir, Pt, La, Y, Mo and Mn. 

Also, as the metal or compound constituting the 
second region, that including the element of at least one 
kind selected from the group consisting of Al , Mo, Ti, Ta, 
Cr, Cu, Mn, Mg, Zr, Hf, W, Ru, Rh, Zn and Sn is exemplified. 
10 Among them, it is desired to use Al, Mo, Ti, Ta and Mg, 
and the oxide or hydroxide containing them. Using such 
materials, the carbon nanotubes, especially, the 
single-wall carbon nanotubes can be obtained at the high 
yield . 

15 In the present invention, the catalyst containing 

film, in which the catalyst support film corresponding to 
the second region and the catalyst film corresponding to 
the first region are laminated, is formed. Then, the 
carbon nanotubes are grown from this catalyst containing 

20 film. In this case, the catalyst film is formed so as to 
cover a part of the catalyst support film. Those films 
can be formed by using the depositing method, sputtering 
method or CVD method. 

If such configuration is employed, the catalyst 

25 support film includes: the metal film containing one or 
more elements selected from the second group to fourteenth 
group of the periodic table; and the film in which the upper 
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portion of this metal film is oxidized or hydroxy la ted . 
In this case, the metal oxide film or metal hydroxide film 
becomes the catalyst support. The interposition of the 
metal film between the catalyst support and the substrate 
5 causes the adhesive property to the substrate to be 
excellent. In addition, the film quality of the catalyst 
support becomes excellent. As a result, the carbon 
nanotubes, in which the adhesive property to the substrate 
is excellent and the electric property is excellent, can 

10 be formed on the substrate at the high yield. 

Also, the employment of the above-mentioned 
configuration obtains the following merits on the process. 

Firstly, after the metal film is formed, it is 
patterned into a predetermined shape. After that, the 

15 upper portion of the metal film can be oxidized or 
hydroxylated . Thus, the patterning can be executed 
accurately and easily. 

Secondly, the film qualities of the metal oxide film 
and metal hydroxide film become excellent, and the control 

20 property of the film thickness is improved. For example, 
when the metal oxide film or metal hydroxide film is formed 
by the sputtering method, there may be a case that the 
constituent atom such as an oxygen atom is removed which 
disables the film with desired composition to be obtained. 

25 The employment of the above-mentioned configuration 
enables such composition change to be reduced. 

Thirdly, by suitably adjusting the treating 
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condition of the oxidization or hydroxylat ion, the 
structure of the oxide film or hydroxide film can be 
controlled. Thus, the yield of the carbon nanotubes can 
be adjusted. Thus, for the device region where the yield 
5 is desired to be increased and the device region where the 
yield is desired to be contrarily decreased, the carbon 
nanotubes can be formed at the desired densities, 
respectively. The reason why the yield of the carbon 
nanotubes is changed by the structure control of the oxide 

10 film or hydroxide film is not always evident. However, 
it is speculated that the fact has influence, in which the 
density and distribution of the acid points such as Lewis 
acid points are varied inside those films. 

As the actual example of the above-mentioned 

15 configuration, the configuration is exemplified, in which 
as the catalyst support film, aluminum film is placed in 
a lower layer, and the film containing the oxide aluminum 
is formed on the upper layer thereof. Here, as the oxide 
aluminum, at least one selected from aluminum natural oxide 

20 film, boehmite, a alumina, y alumina, 5 alumina, and 9 
alumina. In the case of such structure, the above- 
mentioned merits become outstanding. 

In the transistor of the present invention, the gate 
electrode is placed at a position where electric field is 

25 generated in the carbon nanotubes. Such a position is 
exemplified as the upper portion of the carbon nanotubes, 
the adjacent portion inside the same plane as the carbon 
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nanotubes, and the rear of the substrate. 

In the transistor of the present invention, in the 
first and second electrodes, one functions as a source 
electrode, and the other functions as a drain electrode. 
5 The arrangement of the first and second electrodes may have 
various shapes . The arrangement may be such that the first 
and second electrodes are separated and the gate electrode 
is placed between them. Also, the arrangement may be such 
that the second electrode is formed so as to be separated 

10 from the first electrode and surround a part of the 
periphery of the first electrode or the whole thereof. 
[First Embodiment ] 

The first embodiment of the present invention will 
be described below with reference to the attached drawings . 

15 This embodiment relates to a method for growing the 

carbon nanotubes in the present invention (the method for 
growing the single-wall carbon nanotubes in the direction 
horizontal to the substrate). 

Fig. 1 is a flowchart showing a film forming process 

20 of the method for growing the carbon nanotubes in the first 
embodiment of the present invention. At first, the metal 
film composed of a first metal is formed on a substrate 
(Step SI). After that, the surface is oxidized or 
hydroxylated to form the catalyst support film including 

25 the metal oxide or metal hydroxide (Step S2). Next, the 
catalyst film including a second metal or the compound of 
that metal is formed on this catalyst support film surface 
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(Step S3). In succession, reducing gas is brought into 
contact with the substrate surface including the catalyst 
film, and a reducing process is carried out (Step S4) . 
Then, the carbon raw material supplied onto the catalyst 
film is thermally decomposed in the vapor phase, and the 
single-wall carbon nanotubes are grown (Step S5). 

Fig. 2A to Fig. 2E are sectional views showing an 
example of the film forming process in Fig. 1. Fig. 2A 
corresponds to the step SI, Fig. 2B corresponds to the step 
S2, Fig. 2C corresponds to the step S3, Fig. 2D corresponds 
to the step S4, and Fig. 2E corresponds to the step S5. 

A substrate 50 used in this embodiment can use the 
insulating crystal substrate such as silicon, quartz, 
sapphire and MgO, the insulating amorphous substrate such 
as alumina and glass, or the other metal substrates. In 
this embodiment, the substrate 50 is desired to be stable 
at a temperature of 500 °C or more. This is because it 
is necessary to endure the thermal treatment in growing 
a carbon nanotubes 55 and the thermal treatment executed 
to obtain the oxide or hydroxide serving as the catalyst 
support . 

In this embodiment, as the first metal, for example, 
it is possible to use the metal including the element of 
at least one kind selected from the group consisting of 
Al, Mo, Ti, Ta, Cr, Cu, Mn, Mg, Zr, Hf, W, Ru, Rh, Zn and 
Sn. The film of the first metal is a first metal film 53. 
A catalyst support film 54 is the film such that the surface 
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of the first metal film 53 is oxidized or hydroxy la ted . 
The portion treated on the surface becomes a catalyst 
support layer 54a, and the other portion becomes a 
foundation layer 54b. 
5 As the second metal, it is possible to use the metal 

having the catalyst action in growing the single-wall 
carbon nanotubes 55 by the vapor phase thermal 
decomposition growth. For example, it is possible to use 
the metal or compound including any one or more kind of 

10 the iron group such as Ni, Fe, Co and the like, the palladium 
group such as Pd, Pt, Rh and the like, the rare earth metal 
such as La, Y and the like, or the transition metal such 
as Mo, Mn and the like. A catalyst film 56a is the film 
including the second metal. The catalyst film 56a is 

15 reduced (deoxidized) so as to be a catalyst film 56. 

In this embodiment, the combination of the catalyst 
film 56 and the catalyst support film 54 is important. 
That is, as the material constituting the catalyst support 
film 54, the material that can suppress the sintering with 

20 the material constituting the catalyst film 56 at the 
treatment temperature of 500 °C or more. For example, in 
the combination of the iron (catalyst film 56) and the 
silicon oxide film (catalyst support film 54), a large 
number of fine particles shapes of the iron are observed, 

25 and the yield of the single-wall carbon nanotubes 55 is 
very small. As the proper catalyst support film 54 when 
the iron is used as the catalyst film 56, the oxide aluminum 
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can be exemplified. 

The respective steps shown in Fig. 1 will be described 
below in detail. 

(i) Step SI (Fig. 2A) and step S2 (Fig. 2B) : Formation 
5 of metal film and formation of catalyst support film 

In this embodiment, the first metal film 53 formed 
on the substrate 50 is oxidized or hydroxylated to form 
the catalyst support film 54 including the metal oxide or 
metal hydroxide. The first metal film 53 does not need 
10 to have the conventional powder or particle shape, and it 
can be formed from the flatly formed film. There is no 
limitation on the shape of the catalyst support film 54 
including the metal oxide or metal hydroxide. It may be 
flat or micro-structured. The portion of the metal oxide 
15 or metal hydroxide becomes the catalyst support layer 54a, 
and the other portion becomes the foundation layer 54b. 

The thickness of the first metal film 53 in this 
embodiment is not especially limited, and can be suitably 
set based on the requirement for the carbon nanotubes and 
20 the design of the device with regard to the first metal 
film 53. If the surface is oxidized or hydroxylated, for 
example, the thickness is not limited from about several 
atomic layer to about several hundreds micrometer. 

The catalyst support film 54 is obtained by naturally 
25 oxidizing the first metal film 53 or chemically oxidizing 
or hydroxylating the surface. Here, the surface of the 
first metal film 53 does not need to be entirely oxidized 



or hydroxylated . Then, approximately several atomic 
layers on the surface may be oxidized or hydroxylated. For 
example, the surface of the aluminum may be exposed to air 
so that the very thin (about 1 to 10 nm or less) natural 
5 oxide film is formed. 

As the catalyst support film 54, aluminum containing 
compound can be also used. It is known that the aluminum 
surface, when heated in water of 90 °C to 100 °C, becomes 
aluminum hydroxide oxide (boehmite) . Also, it is known 

10 that the boehmite, when heated to about 600 °C, becomes 
the y alumina. In short, the y alumina is one of the alumina 
types typically called the transition alumina. As the 
transition alumina, in addition, there are 0 alumina, k 
alumina, r| alumina and the like. They are continuously 

15 changed, for example, to y, 5 and 9 when it is started from 
the boehmite and heated to increase the temperature . Then, 
at about 1200 °C, it is finally changed to the stable a 
alumina having a corundum structure. If such aluminum 
containing compound is used as the insulating film of the 

20 catalyst support film 54, the single-wall carbon nanotubes 
55 can be efficiently produced. 

Here, from the viewpoint of the yield improvement of 
the carbon nanotubes 55, the usage of the transition 
alumina is desired. This is because the synergistic 

25 effect of the transition alumina and the catalyst is great. 
On the other hand, if the a alumina is used, although this 
has the tendency that the yield is small, the synergistic 
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effect with the catalyst can be sufficiently obtained* 
Consequently, the single-wall carbon nanotubes 55 can be 
manufactured . 

By using the difference in the synergistic effect 
caused by the kind of the catalyst support film 54 as 
mentioned above, the growth of the single-wall carbon 
nanotubes 55 can be controlled. For example, the a alumina 
is formed in the portion where the yield of the single-wall 
carbon nanotubes 55 is desired to be suppressed. 
Contrarily, the transition alumina is formed in the portion 
where the yield of the single-wall carbon nanotubes 55 is 
desired to be greater. Consequently, the yield can be 
controlled, based on the place. 

In this case, by preliminarily processing the 
boehmite at a high temperature, the a alumina is formed. 
Next, the aluminum film is formed in the place where the 
transition alumina is formed. After that, the thermal 
treatment is performed to convert the aluminum film (or 
the upper portion thereof) into the boehmite and the 
transition alumina. This process enables the selectively 
different alumina to be formed on the same substrate. The 
temperature, at which the transition alumina is formed, 
is lower than the temperature, at which the a alumina is 
formed. Thus, the preliminarily formed a alumina is never 
deteriorated . 

Also, by anode-oxidizing the surface of the aluminum 
in acid, the alumina can be obtained. As for the alumina 
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formed by the anode oxidation in this way, a part thereof 
is said to be the y alumina. This anode oxidation alumina 
does not need to be micro porous. It may be the shape of 
a layer to be used as the insulating film. 
5 Also, it can be oxidized by a dry process for exposing 

the surface of the aluminum to oxygen plasma. Also, by 
using a scanning tunnel microscope in air, the anode 
oxidation is performed, thereby the oxide film can be 
formed sel ect i vel y . 

10 As mentioned above, the example of the catalyst 

support film 54 having the structure, in which the aluminum 
film and the aluminum inclusion compound film are laminated 
on the substrate 50, has been explained. However, another 
metal maybe used. For example, the catalyst support film 

15 54 having the structure, in which titanium film is formed 
on the silicon oxide film and then thin oxide film is formed 
on the surface thereof, may be used. In this case, the 
natural oxidation in air enables the titanium oxide film 
to be easily formed. In the case of molybdenum and the 

20 iron, they are similar. The catalyst support film 54 
having the structure in which the molybdenum and the 
molybdenum oxide film are laminated in this order on the 
substrate 50, or the catalyst support film 54 having the 
structure in which the iron and the iron oxide film are 

25 laminated in this order on the substrate 50 can be used. 

Those catalyst support films 54 can be also patterned 
in the situation of the first metal film 53 serving in the 
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former step. This can use a lift-off method which will 
be described below. That is, at first, resist is coated 
on the substrate 50. After that, the resist is patterned 
by using an optical exposing or electronic beam exposing 
5 method that is usually used. Next, the first metal film 
53 is formed thereon. In succession, the unnecessary 
portion of the first metal film 53 together with the resist 
is removed by solvent. Or, the following etching method 
may be used. That is, at first, the first metal film 53 
10 is formed. After that, the resist is coated on the first 
metal film 53. Next, the resist is patterned. In 
succession, the unneces sary port ion of the first metal film 

53 is etched to be removed. 

The process for oxidizing or hydroxy la ting the first 
15 metal film 53 may be executed immediately after the first 
metal film 53 is formed or after the first metal film 53 
is patterned. Also, in any case of the lift-off method 
and the etching method, after the catalyst film 56 
including the second metal film 56a is formed, those 
20 methods can be used to pattern the catalyst support film 

54 and the catalyst film 56 at the same time. This is a 
so-called self -aligning method that is used in 
manufacturing the transistor. In this case, prior to the 
formation of the catalyst film 56, the first metal film 

25 53 is oxidized or hydroxylated to form the catalyst support 
film 54. 

(ii) Step S3 (Fig. 2C) : Formation of catalyst film 



For the formation of the catalyst film 56, the usual 
method of forming the metal film can be used. As the film 
forming method, the deposition or sputtering method is 
exemplified. They are further desired because they are 
5 simple, they can forms uniform films and the formed films 
can be patterned similarly to the conventional metal 
patterning method. Also, the film thickness of the 
catalyst film 56 is desired to be set such that the catalyst 
support film 54 is not perfectly covered. This is because, 

10 if the support is perfectly covered, the synergistic effect 
based on the combination of the support and the catalyst 
is extremely reduced. In short, the support prepared as 
the catalyst support film 54 becomes at the situation 
similar to the situation having no support. Thus, the film 

15 thickness of the catalyst film 56 is desirably adjusted 
on the basis of the characteristic scale of the structure 
of the catalyst support film 54. For example, if the 
boehmite is formed from the aluminum having a thickness 
of 0.1 jjim which will be described later, the structure 

20 having the shape of a flower leaf between approximately 
several hundred nm and several \im is generated. This is 
related to the volume increase when aluminum is converted 
into boehmite while oxygen atoms and hydroxyl groups are 
newly introduced in addition to the aluminum atoms. Thus, 

25 the thickness of the catalyst film 56 needs to be suppressed 
to about several \im to about 10 pm so as not to perfectly 
embed those boehmites. 



Also, with regard to the catalyst metal of the 
catalyst film 56, for example, the wet process using the 
solution of iron nitrate 9-hydrate can be used to form the 
film of the catalyst metal. If such a film forming method 
5 is employed, the catalyst can be efficiently formed on the 
surface of the catalyst support film 54, and the yield of 
the carbon nanotubes can be improved. 

(iii) Step S4 (Fig. 2D) : Substrate surface reducing process 
Reducing gas is brought contact into the surface of 

10 the substrate 50 processed through the above-mentioned 
steps. As the reducing gas, H 2 and N 2 are exemplified. 
Consequently, the yield and quality of the carbon nanotubes 
55 can be improved. This process may be properly omitted, 
based on the situation of the catalyst metal of the catalyst 

15 film 56. 

(iv) Step S5 (Fig. 2E) : Growth of carbon nanotubes 

The substrate 50 in which the catalyst support film 
54 and the catalyst film 56 are formed is placed in a film 
forming apparatus. After that, the growth atmosphere in 

20 the film forming apparatus is heated. The heating is 
carried out, for example, in inactive atmosphere. As the 
carbon material, it is possible to use the various kinds 
of carbon containing substances that are gaseous at the 
temperature at the growth time. As such carbon containing 

25 substances, the substances which are gaseous at a normal 
temperature such as methane (CH 4 ) , ethylene (C 2 H 4 ) and 
carbon monoxide (CO) , and the substances which are solid 
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or liquid at the normal temperature and gaseous under the 
growth temperature such as phenanthr ene , benzene, ethanol 
and methanol are exemplified. Thus, the single-wall 
carbon nanotubes 55 can be grown in the vapor phase thermal 
5 decomposition growth on the surface of the catalyst 
containing film composed of the above-mentioned catalyst 
support film 54 and catalyst film 56. At this time, in 
order to facilitate the reduction of the catalyst metal, 
since the catalyst action can be improved by supplying the 
10 hydrogen simultaneously with the carbon material, thereby 
the yield of the single-wall carbon nanotubes 55 can be 
increased . 

In supplying the carbon to the catalyst and the 
catalyst support, in addition to the thermal decomposition 

15 growth of the carbon material under the situation that the 
temperature is set at the high temperature as mentioned 
above, for example, the following methods can be used. 
That is, there are: a method of using the plasma of argon 
and hydrogen and then decomposing the carbon material; and 

20 a method of evaporating carbon from the solid including 
the carbon, such as a carbon bar, by means of laser 
abrasion . 

The using the above-mentioned patterned catalyst and 
catalyst support enables the selective growth of the 
25 single-wall carbon nanotubes. However, the direction of 
the single-wall carbon nanotubes manufactured at that time 
is random. It is known that the application of the 
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external field, such as electric field, magnetic field or 
the like, to the single-wall carbon nanotubes makes the 
directions equal* Even in the above-mentioned patterned 
catalyst and catalyst support, the directions can be made 
5 equal by applying the external field, such as the electric 
field, the magnetic field, or the centrifugal force when 
the substrate is rotated, or the like, when the carbon 
material is supplied. 
[Second Embodiment] 

10 The second embodiment of the present invention will 

be described below with reference to the attached drawings . 
This embodiment relates to the transistor using the carbon 
nanotubes in the present invention* 

Fig. 3A and Fig. 3B are views showing one example of 

15 the structure of the transistor using the carbon nanotubes 
in the second embodiment of the present invention. Fig. 
3B shows a top view of the transistor. Fig. 3A shows a 
sectional view along the line AA' of Fig. 3B. The 
transistor in this embodiment has the structure that a 

20 silicon oxide film 2 is formed on a silicon substrate 1, 
and a device portion is formed thereon. The device portion 
includes: a gate electrode composed of an insulating film 
19 and a gate metal film 20; a source electrode 30 and a 
drain electrode 31 which are formed on both sides thereof; 

25 and a carbon nanotubes 5 for connecting them. The carbon 
nanotubes 5 are grown in the direction parallel to the 
substrate surface from a catalyst film 40 formed on a 
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catalyst support film 4 (containing a catalyst support 
layer 4a and a foundation layer 4b) . In this transistor, 
the carbon nanotubes 5 are responsible for a role as a 
channel region. That is, when a voltage is applied to the 
5 gate electrode composed of the insulating film 19 and the 
gate metal film 20, the conductive property of the carbon 
nanotubes 5 is changed. Thus, a current flowing between 
the source electrode 30 and the drain electrode 31 is 
changed . 

10 Fig. 4A and Fig. 4B are views showing another example 

of the structure of the transistor using the carbon 
nanotubes in the second embodiment of the present invention. 
Fig. 4B shows a top view of the transistor. Fig. 4A shows 
a sectional view along the line BB ' of Fig. 4B. This 

15 transistor has the structure schematically similar to the 
transistor shown in Fig. 3A and Fig. 3B. However, it is 
different in point that the insulating film 19 and the gate 
metal film 20 are formed so as to sit astride the source 
electrode 30 and the drain electrode 131. 

20 Fig. 5A and Fig. 5B are views showing still another 

example of the structure of the transistor using the carbon 
nanotubes in the second embodiment of the present invention. 
Fig. 5B is a top view of the transistor. Fig. 5A shows 
a sectional view along the line CC of Fig. 5B. This 

25 transistor is the transistor of a so-called back gate type. 
Differently from the transistors of Fig. 3A and Fig. 3B 
and Fig. 4A and Fig. 4B, a gate electrode 21 is formed on 
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the rear of the silicon substrate 1. In this transistor, 
the gate electrode 21 is formed at the position away from 
the carbon nanotubes 5. Thus, the formation of the gate 
electrode is easy. 
5 In the present invention, the source electrode and 

the drain electrode may be variously arranged. 

Fig. 6 is a top view showing another example of the 
structure of the transistor using the carbon nanotubes in 
the second embodiment of the present invention. In this 

10 transistor, the arrangements of the source electrode 30 
and the drain electrode 31 are different from the 
transistors in Fig. 3A and Fig. 3B to Fig. 5A and Fig. 5B. 
The drain electrode 31 is formed so as to be separated from 
the source electrode 30 and surround a part of the periphery 

15 of the source electrode 30. The gate metal film 20 is 
formed in the region between the source electrode 30 and 
the drain electrode 31. The carbon nanotubes 5 are formed 
so as to sit astride the source electrode 30 and the drain 
electrode 31. These carbon nanotubes 5 are grown in vapor 

20 phase in the direction parallel to the surface of the 
substrate with the catalyst support film 4 as a start point. 
Since the source electrode 30 and the drain electrode 31 
are arranged as mentioned above, the connection through 
the carbon nanotubes 5 between both of the electrodes can 

25 be surely attained. That is, when the carbon nanotubes 
5 are grown in the vapor phase with the catalyst support 
film 4 as the start point, the direction of the growth can 
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be all directions within the surface plane. In the case 
of employing the arrangement of Fig. 6, even if the growth 
direction of the carbon nanotubes 5 are fluctuated in 
various directions, the source electrode 30 and the drain 
5 electrode 31 can be surely connected through the carbon 
nanotubes 5. 

Fig. 7 is a top view showing still another example 
of the structure of the transistor using the carbon 
nanotubes in the second embodiment of the present invention. 

10 In this transistor, the arrangements of the source 
electrode 30 and the drain electrode 31 are different from 
the transistors in Fig. 3A and Fig. 3B to Fig. 6. In this 
arrangement, around the source electrode 30, the drain 
electrode 31 is formed so as to be separated from the source 

15 electrode 30 and surround the periphery of the source 
electrode 30. The gate metal film 20 is formed between 
the source electrode 30 and the drain electrode 31. The 
carbon nanotubes 5 are formed so as to be connected to both 
of the source electrode 30 and the drain electrode 31. 

20 This carbon nanotubes 5 are grown in the direction parallel 
to the surface of the substrate with the catalyst support 
film 4 as the start point. In the case of employing this 
arrangement, even if the carbon nanotubes 5 are grown in 
any direction, the electric connection between the source 

25 electrode 30 and the drain electrode 31 can be attained. 
Here, since the distance between the source electrode 30 
and the drain electrode 31 is suitably set by considering 
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the growth condition of the carbon nanotubes 5, the 
electric connection through a carbon nanotubes 105 can be 
made further sure. 

In the transistor as mentioned above, the source 
5 electrode 30 and the drain electrode 31 can be the 
single-wall film made of gold, platinum, titanium and the 
like or the lamination film of them. As a gate metal film 
120, at least one kind of metals, such as aluminum, gold, 
titanium and tungsten and the like, can be used. 
10 One example of a method for manufacturing the 

transistor shown in Fig. 3A and Fig. 3B will be described 
below . 

Fig. 8A to Fig. 8D, Fig. 9A to Fig. 9D and Fig. 1 OA 
to Fig. 10D are sectional views showing the method for 

15 manufacturing the transistor shown in Fig. 3A and Fig. 3B. 

At first, the silicon oxide film 2 and a catalyst 
support material (the first metal film) 3 are formed on 
the silicon substrate 1, as shown in Fig. 8A. The catalyst 
support material 3 has the structure in which TiN, aluminum 

20 and aluminum oxide are laminated in this order. The TiN 
is used as the adhesive film to improve the adhesive 
property between the silicon oxide film 2 and the aluminum 
thereon . 

In succession, after mask is formed on the catalyst 
25 support material 3, the dry etching is carried out to 
pattern the catalyst support material 3 and form the 
catalyst support film 4. In this case, the catalyst 
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support layer 4a is aluminum oxide. The foundation layer 
4b is TiN and aluminum. The catalyst film 40 having iron 
(Fe) is formed on this catalyst support film 4 by using 
the depositing method. The film thickness of the catalyst 
5 film 40 is about 2 to 5 nm. The design of such film 
thickness enables the configuration that the catalyst film 
40 is interspersed on a part of the surface of the catalyst 
support film 4. That is, the structure, in which both of 
the catalyst support film 4 and the catalyst film 40 are 

10 exposed, can be attained. Incidentally, here, the iron 
(Fe) is used as the material of the catalyst film 40. 
However, as mentioned above, the material other than this 
can be used. This situation is shown in Fig. 8B. 

Next, the silicon substrate 1 is placed in a CVD film 

15 forming chamber. After that, the raw material gas, such 
as methane, acetylene and the like, is supplied to the 
silicon substrate 1 . Thus, the carbon nanotubes 5 is grown 
in vapor phase from the catalyst film 40. The carbon 
nanotubes 5 are extended in the direction approximately 

20 parallel to the surface of the substrate. This situation 
is shown in Fig. 8C. In order to extend the carbon 
nanotubes 5 having the single-wall structure in the 
direction approximately parallel to the surface of the 
substrate, it is important to properly select the materials 

25 of the catalyst film 40 and support thereof and growth 
temperatures . 

In succession, a resist 6 is formed so as to cover 
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the catalyst support film 4 and the catalyst film 40. This 
situation is shown in Fig. 8D. 

Next, as shown in Fig. 9A, the resist 6 is exposed 
through a mask 8 in which an opening is placed. Thus, a 
5 dissolvable region 10 dissolved in development solution 
is formed. 

In succession, by processing the resist 6 surface 
with the predetermined solution such as monochloro- 
benzene, a resist deterioration layer 12 which is difficult 

10 to dissolve in the development solution is formed. This 
situation is shown in Fig. 9B. 

After that, the dip in the development solution 
causes the exposure portion (including the dissolvable 
region 10) to be dissolved. At this time, the opening of 

15 the resist 6 has the reversely tapered shape. This 
situation is shown in Fig. 9C . 

With this resist 6 as the mask, an electrode film 16 
is deposited so as to cover the entire surface of the upper 
portion of the silicon substrate 1. This situation is 

20 shown in Fig. 9D. 

After that, the solvent is used to dissolve the resist 
6. Thus, the resist 6 and the electrode film 16 on the 
resist 6 are removed (the lift-off method) . This 
situation is shown in Fig. 10A. In the above-mentioned 

25 steps, as shown in Fig. 9C, since the opening of the resist 
6 has the reversely tapered shape, the lift-off can be 
easily executed. 
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In succession, a resist 18 having an opening between 
the electrode films 16 is formed. This situation is shown 
in Fig. 10B. 

Next, with the resist 18 as the mask, the insulating 
5 film 19 and the gate metal film 20 are formed in this order. 
This situation is shown in Fig. 10C. 

After that, this solvent is used to carry out a 
stripping process for the resist 18. Thus, the resist 18, 
and the insulating film 19 and the gate metal film 20 formed 
10 thereon are removed. This situation is shown in Fig. 10D. 

Due to the above-mentioned steps, the transistor of 
the structure shown in Fig. 10D is obtained. This 
transistor is driven such that any one of the electrode 
films 16 serves as the source electrode (corresponding to 
15 the source electrode 30 of Fig. 3A) , and the other serves 
as the drain electrode (corresponding to the source 
electrode 31 of Fig. 3B) . In this embodiment, by growing 
the carbon nanotubes 5 in the horizontal direction from 
the catalyst film 40, the electrode films 16 are connected 
20 with each other. Thus, as compared with the method for 
arranging the carbon nanotubes dispersed in the solvent 
between the electrodes, both of the electrodes can be 
connected at the higher precision. In addition, the 
contact resistance between the carbon nanotubes 5 and the 
25 electrode film 16 can be dropped. 

As mentioned above, the embodiment of the present 
invention has been explained. Naturally, the respective 
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members constituting the device and the respective steps 
constituting the processes can be suitably changed. For 
example, in Fig. 9C, the resist opening of the reversely 
tapered shape is placed. However, such a process may not 
5 be employed. At the step shown in Fig. 10B, the resist 
opening of the reversely tapered shape as mentioned above 
may be placed. The above-mentioned embodiment has been 
explained as the process for manufacturing the transistor 
of the structure shown in Fig. 3A and Fig. 10D. However, 

10 this method can be applied to manufacture the transistor 
of the structure shown in Fig. 4A and Fig. 5A. 
[First example] 

This example shows an example in which the boehmite 
is used for the material of the catalyst support film, the 

15 iron is used for the material of the catalyst film, and 
the single-wall carbon nanotubes are grown on the substrate. 
At first, aluminum of 20nm is deposited on the silicon 
substrate. After that, this is heated in water boiled at 
100 °C for about 30 minutes. As a result, the aluminum 

20 is changed into aluminum hydroxide oxide (another name of 
boehmite) . Moreover, it is heated at 600 °C in air for 
one hour, and converted into the y alumina, and this is 
used as the catalyst support film. After that, the iron 
of 2nm is deposited on the y alumina and used as the 

25 catalyst. 

This sample is inserted into an electric furnace 
having a diameter of about 2 inches and heated up to 800 
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°C in argon atmosphere. At the stage of the arrival at 
800 °C, the atmosphere gas is switched from the argon to 
methane (99.999%) and kept for five minutes. After that, 
it is again switched to the argon gas, and the temperature 
5 is dropped until it becomes a room temperature. 

Fig. 11 is a photograph of the scanning electron 
microscope, showing the generated sediment. 

Fig. 12 is a photograph of a transmission electron 
microscope, showing the sediment shown in Fig. 11. From 

10 the observation result of Fig. 12, it is confirmed that 
this sediment is the single-wall carbon nanotubes. 

Fig. 13A and Fig. 13B are Raman spectra of the 
sediment in Fig. 11. The vertical axis indicates the 
intensity of Raman scattering spectrum, and the horizontal 

15 axis indicates the wave number, respectively. An 
excitation light is a light of a wavelength 488nm of Ar 
laser, and a spot size of the laser is about 1 micron. In 
this Raman spectrum, a large peak (a so-called tangential 
mode) could be observed near 1590 cm" 1 , and a peak (a 

20 so-called breathing mode) could be observed in a range of 
100 to 300 cm" 1 . The tangential mode and the breathing mode 
are the spectra having the feature in the single-wall 
carbon nanotubes. That is, even from this, it could be 
confirmed that the single-wall carbon nanotubes were 

25 generated. 

It is known that there is the unique relation between 
the position of the peak of the breathing mode and the 
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diameter of the single-wall carbon nanotubes. In the case 
of this example, the peak distributed in the approximate 
range between 100cm" 1 and 250cm* 1 , Thus, it was understood 
that the diameter of the single-wall carbon nanotubes was 
5 approximately between about 0 . 9nm and about 2nm. 

Also, although the similar sediment could be 
confirmed even at 700 °C, the yield was reduced as compared 
with that of 800 °C. However, it was possible to increase 
the yield by reducing for about five minutes in hydrogen 

10 atmosphere before supplying the methane. By carrying out 
the reducing process, the similar sediment could be 
confirmed in a range between 600 °C and 900 °C. 
[Second example] 

In the first example, the catalyst was formed on the 

15 catalyst support made of the boehmite. In this example, 
the iron film was formed on the silicon oxide film, and 
the carbon nanotubes were then grown. Also in this example, 
although the single-wall carbon nanotubes were obtained, 
the yield was low as compared with the first example. 

20 [Third example] 

In the first example, the metal film thickness of the 
iron (catalyst) was changed from Inm to 5nm. As a result, 
in any film thickness, similarly to the first example, the 
single-wall carbon nanotubes were confirmed from the Raman 

25 spectra and the observation of the scanning electron 
microscope. Since the surfaces of the boehmite and 
transition alumina have the structure of the shape of the 
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flower leaf between approximately several hundred nm and 
several urn, it is considered that the growth of the 
single-wall carbon nanotubes is possible even at the film 
thickness of the iron of about several pm. 

Fig. 14 and Fig. 15 are photographs of the scanning 
electron microscope, showing the boehmite formed 
similarly to the first example. It was confirmed that this 
boehmite had the structure of the shape of the flower leaf 
as mentioned above. 
[Fourth example] 

In this example, after the aluminum was deposited on 
the silicon substrate, the component left in the air for 
about one or two days was used as the support of the catalyst. 
The iron of 2nm as the catalyst was deposited on this 
catalyst support (aluminum natural oxide film) . After 
that, similarly to the first example, under the atmosphere 
of 800 °C, the methane gas is supplied to generate the 
single-wall carbon nanotubes. 

Fig. 16 is a photograph of the scanning electron 
microscope, showing the obtained carbon nanotubes. As 
compared with that of Fig. 11, there is light and shade. 
This is because the amount of the sediment is varied, 
depending on the place. 

Fig. 17A and Fig. 17B are Raman spectra of the carbon 
nanotubes shown in Fig. 16. The vertical axis indicates 
the intensity of the Raman scattering spectrum, and the 
horizontal axis indicates the wave number, respectively. 
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The characteristic tangential mode and breathing mode in 
the single-wall carbon nanotubes were observed. 
[Fifth example] 

This example is an example of patterning the catalyst 
5 support film. At first, the silicon oxide film of about 
15 nm was thermally oxidized and formed on the silicon 
substrate. Next, the patterning was performed on the 
resist for the optical exposure of a thickness of about 
1.8 urn, and aluminum of 2 Onm was deposited thereon . Then, 

10 this was heated with water of 100 °C for 30 minutes, and 
the aluminum was converted into the boehmite. After the 
iron of 2nm serving as the catalyst was deposited thereon, 
the boehmite and the iron on the resist were lifted off 
and removed in acetone. In this way, the support /catalyst 

15 structure composed of the patterned boehmite/iron was 
formed . 

After that, similarly to the first example, under the 
atmosphere of 800 °C, the methane gas is supplied to 
generate the single-wall carbon nanotubes. 

20 Fig. 18 is a photograph of the scanning electron 

microscope, showing the obtained carbon nanotubes. As can 
be understood from Fig. 18, the catalyst and the support 
did not exist in the center, and the sediment grown from 
this portion was not confirmed. On the other hand, much 

25 sediment was confirmed in the region where the catalyst 
and the support were formed on both sides. 

Fig. 19A and Fig. 19B are the Raman spectra of the 
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carbon nanotubes shown in Fig. 18. The vertical axis 
indicates the intensity of the Raman scattering spectrum, 
and the horizontal axis indicates the wave number, 
respectively. The characteristic tangential mode and 
5 breathing mode in the single-wall carbon nanotubes were 
observed . 

In this example, the application of a direct current 
electric field of about 0.5 MV/m or more or an alternating 
current electric field of 0.1 MV/m or more enables the 

10 growth direction of the carbon nanotubes to be uniformed 
in the electric field direction. 

Fig. 20 is a view showing a example of the 
configuration of an apparatus in which the growth direction 
of the carbon nanotubes is uniformed in the electric field 

15 direction. This apparatus 60 has an electrode 63, an 
opposite electrode 64 and a substrate supporting member 
68 placed between them, within a reaction tube 62 . 
Electric power is supplied through feeder lines 66, 67 to 
the electrode 63 and the opposite electrode 64, 

20 respectively. A heater 61 for heating is placed around 
the reaction tube 62 so as to be able to adjust the 
atmosphere temperature of the reaction tube 62. The 
electrode 63, the opposite electrode 64 and the substrate 
supporting member 68 are desired to be made of the materials 

25 that can endure the temperature at the time of the growth. 
The substrate supporting member 68 is desired to be made 
of an insulator such as quartz. The electrode 63 and the 
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opposite electrode 64 use the materials in which the metals, 
that can endure the temperature at the time of the growth 
such as platinum and the like, are film-formed on the mesh 
structure of the quartz . 
5 When this apparatus 60 is used to grow the carbon 

nanotubes, the electric field is generated between both 
of the electrodes, in the situation that a substrate 65 
where the catalyst support film and the catalyst film are 
formed is placed between the electrode 63 and the opposite 
10 electrode 64 . Since meshed holes are made in the electrode 
63 and the opposite electrode 64, the carbon material can 
be efficiently supplied through the holes to the catalyst 
on the substrate 65. 
[Sixth example] 

15 In this example, the single-wall carbon nanotubes 

were used to manufacture the transistor and carry out the 
evaluation. Similarly to the fourth example, after the 
deposition of the aluminum of 20nm, it was left in the air 
for two days, and the iron of 2nm was then deposited as 

20 the catalyst, and the single-wall carbon nanotubes were 
grown. The growth temperature was set 800 °C. After that, 
the processes shown in Fig. 8D, Fig. 9A to Fig. 9D and Fig. 
10A to Fig. 10D in the second embodiment were carried out 
to manufacture the transistor. In Fig. 8D, Fig. 9A to Fig. 

25 9D and Fig. 1 0 A to Fig. 10D, the insulating film 19 was 
the titanium oxide film (the film thickness of 2nm) formed 
by naturally oxidizing the titanium film, and the gate 
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metal film 20 was the platinum film (the film thickness 
of lOnm), and the source electrode 30 and the drain 
electrode 31 were the metal films (the film thickness of 
lOnm) . Although this transistor has the structure 
5 schematically shown in Fig. 3A and Fig. 3B , the source 
electrode 30 and the drain electrode 31 are not arranged 
as shown in Fig. 3B, but arranged as shown in Fig. 6. 

Fig. 21 is a graph showing the evaluation result of 
the obtained transistor. The horizontal axis indicates 

10 the voltage between the source and the drain, and the 
vertical axis indicates the drain current, respectively. 
The substrate was grounded; the voltage applied to the gate 
voltage was changed at a rate of 0.1 V from -1 V to 1 V, 
and the I-V property was evaluated. It was confirmed that 

15 the transistor obtained in this example indicated the 
excellent property . 

As explained above, the catalyst support substrate 
according to the present invention has the main surface 
where the first region including the carbon nanotube vapor 

20 phase growth catalyst and the second region including the 
material containing the particular element are exposed. 
Thus, due to the synergistic effect of those regions, the 
carbon nanotubes which are excellent in the adhesive 
property to the substrate and the patterning property can 

25 be obtained at the high yield. Also, the single-wall 
carbon nanotubes which are excellent in the electric 
property can be stably obtained. 
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Also, in the method for growing the carbon nanotubes 
according to the present invention, the carbon nanotubes 
of the high quality, especially, the single-wall carbon 
nanotubes can be stably obtained at the high yield. The 
5 obtained carbon nanotubse are excellent in the adhesive 
property to the substrate, and can be preferably applied 
to the electronic device, such as the transistor which is 
excellent in the high speed operation property and high 
integration property, and the like. 

10 Also, the transistor according to the present 

invention has the structure that the carbon nanotubes 
extended in the direction horizontal to the substrate from 
the catalyst containing film is connected to the electrodes. 
Thus, the adhesive property between the carbon nanotubes 

15 and the electrodes is excellent. Also, when the carbon 
nanotubes are the single-wall carbon nanotubes, the device 
property excellent in the high speed operation property 
can be stably obtained. In addition, since the voltage 
application causes the channel current flowing through the 

20 carbon nanotubes to be largely varied, the ideal transistor 
can be obtained. 

Moreover, the method for manufacturing the 
transistor according to the present invention uses the 
method for growing the carbon nanotubes as mentioned above 

25 and forms the carbon nanotube portion. Thus, the 
transistor, which is excellent in the high speed operation 
property and the reliability, can be obtained under the 



excellent manufacture stability. 

In the present invention, when the configuration in 
which the catalyst film covering the part of the catalyst 
support film is formed on the catalyst support film is 
employed, the adhesive property to the substrate becomes 
excellent, and the film quality of the catalyst support 
becomes excellent. As a result, the carbon nanotubes, 
which are excellent in the adhesive property to the 
substrate and excellent in the electric property, can be 
formed on the substrate at the high yield. In addition, 
the patterning property of the catalyst support film, the 
film thickness control property and the manufacturing 
stability can be made excellent. 
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